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DAMAGE I(LSISTANCI! LII’ COATILII OPI’l CS 1:011 PIILSI;I), C02 LASERS*

Briun E. Ncwnnm

University of Cnlifornin
Los Alamos Scientific Lnborntory

PaO. BOX 1663
Los Alamos, Ncw !lCXiCO 87545

Abstract

The influence of various factors on the damage threshold of coated optical components
used in high-powers PUISCd COZ lasers is rcvicwcd. The factors considered arc substrotc
roughness aIId polishing dcfcc=, coating defects, lincnr absorption, deposition parameters,
$tanding-wave electric fields, ~lulscwidth dcpcndcnce, multiple-shot conditioning, and
optical performance. Experimental results of many researchers arc used to illustrate the
discussions. .

Introduction

Tho damage ‘thresholds of coated optical components arc frequently the ❑ajor design and
operating constraints on pulsed, high-power c02 lasers. There are a variety of C02 laser
components which employ thin-film coatings and these include: total reflectors, partial
reflectors, gratings, windows, saturable absorbers, Faraday isolator rods, modulator and
Q-switch crystals, polarizers, waveplatcs, and lens. Of these, all but the first three
require anti-reflection (AR) coatings. Thus , in the following discussions, aspects of
laser damage which impact AK coatings in particular will bc emphasized, The topics to be
considered generally apply to coated optics for all laser wavelengths, but the experimental
data for C02 Iascrs will be used to illustrate our present knowledge of this subject.
Furthermore, a slight emphasis will be placed on data for pulsewidths of 100 ns or lCSS for
which peak intensity considerations are important. The following topics will bc reviewed:
1) substrate roughness and polishing defects, 2) coating defects, 3) linear absorption, 4)
deposition parameters, 5) standing-wave. (SW] electric fields, 6) pulsewidth dcpcndcnce, 7)
multiple-shot conditioning, and 8) optical” performance.

Substrate Roughness and Polishing Defects

A primary cause of early failure of coated interfaces through which intense pulses are
transmitted is tho substrate finish. It is commonly known that the damage threshold of
tho bnrc surface of a

N Bloembcrgcn~!~er component

1s generally much lower than that of the bulk in-
terior. . has correctly identified the reason for this difference to be
due to the polishing process which produces a microscopically rough surface with rnndomly
distributed cracks and grooves, and which leaves embedded residual amounts cf polishing
compound . kcprcscntativc geometries of such defects are illustrated in Figure 1. The
intcrnction of the incident laser electric field with the imperfect surface results in
cnhanccmcnt of the field at these defect sites. The magnitudes of the enhancement at the
sites A, B, and C are given by the equations in Table 1; values for C02 laser substrotc
materials arc listed in Tnble 2,

Table 1. Electric-Field Enhancement (1)
.. .
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,
Tnblc 2, I!lcctric-l:lcld Enhnnccmcnt Factors for C02 Lilscr Substrntcs .

Mntcrinl “—. CylJndcr crack

I
I

NaCt 1.23 1.38 2.25
n=l.5 I
2nSc 1.38 1.70 5.76
n=2.4

CdTc 1.40 1.76 7.24 ~
n=2.69

Ge 1.4s 1.88 16 I
n=4 .0

e-

It is obvious that incipient-crack defects cause the greatest cnhanccmcntr dramatically
so for high-index matcrinls. Sine.c it is the interaction of the electric field which
causes the damage to the surfncc vi~ absorption or electron avalanche, the defect sites arc
susceptible to early damage. in terms of the incident laser intensity, the damage thrc>-
hold is rcduccd by the squnrc of tbc cnhanccmcnt factor. Thus , for a crack in o Gc sur-
face, the threshold would bc degraded by a factor of 256.

The implications for coated surfaces arc just as serious. From microscopic examination,
it is known that most coatings faithfully replicate the contour of the substrate. So, the
coating will cxpcr]cnce cnhanccd electric fields also. Either the coating will itself
d(lmage at a lower intensity or the substrate will bc damaged with resultant coating delam-
ination. Experimental cvidencc relating the breakdown field ~$la coated surface to the
substrate roughness has been obtained hy Ilouse and coworkers. In Figure 2 a plot of the
field versus substrate rou hncss for half-wave SiOz films on fused silica substrates

-z
produced the relation E-u , where m is 0.42. Although the experiments were conducted with
a 1.06 Urn laser on Si02, the same relationship is applicable to other wavelengths and
materials with appropriate values of the exponent m,

Recently, the effect of three different pol~;hing techniques on the damage threshold of
AR-coated Gc was measured at 10.6 pm at Los Alamos Scientific Laboratory. The AR coatings
were deposited in the same run. The results were that two of the windows with visibly
obvi~us polishing scratches failed at 70% of the threshold of the third window which
exhibited no visible polishing marks.

There are at least two ways to dccrcasc the roughness of substrates used for infrared
windows. Onc iS to etch Lway the rough surface layer by usc of an acid treatment or by usc
of ion beams.

‘he ‘attf!i)
treatment has been found to raise the damage resistance of Ge

Surfaces significantly. A scconcl method is to deposit nn initial or “barrier” layer
whjch dots not faithfully replicate the substrate profile but presents a smoother surface
for the next coa
a ZnS substrate~dfg ~~~~r”

Such an effect was produced by depositing a layer of CeF3 on
an amorphous coating of AS2S3 is surmised to do likewise. A

hal.f-wave layer of this m~terial dep~~jtcd on a KCl window dramatically increased the
damogc threshold by a fnctor of two.

Coating Defects

Early failure of coatings with low absorption coefficients has been attributed to
coatjng defects. These defects can tako the form of absorbing inclusions, voids, and
pinh~$ys ranging from suhmicron diameters to visually discernible dimcnsjons. Gibbs and
wood have mcnsurcd the damage thresholds of areas free from visible defects and those
containing defects on the same sample. Their results, listed in Table 3, indicate that
visiblc defects can reduce the damage thres])old by a factor of two to three for AR coatings
and partial reflectors ond by a much larger factor for total reflectors.

One of th~ indicators of the prcscncc of coating defects is the expcrimcntnlly measured
dcpcndencc of the threshold on tlc nrca of irradiation. It is rcasonnblc to expect that
large diameter bcnms, on the nvcragc, will damngc matcrinls ❑ ore easily than small diameter
bc:~ms, This follows from 1) the prcatcr probability of striking n rilndomly distributed
defect when iz larger arua is irradiated and 2) the fact thnt materials with defects d:lmilgc
more easily than those without defects. ~igurc 3 prcscn~~) th;i~~o~~~i~~u$~~~ndcncc ‘f
multilaycr dlclcctric (Thl:~/ZnS)-cnhanccd NO rclfcctors, such a plot
enn bz used to obtain a rough estimate of the number of defects pcr unit area’which arc
susceptible “to damage.



Tnblc 3. I;fft.ct of Co:,tinL l)cfccts on l):lnln~c I’hrrshold’””

ZnS on Si 40 120
ZnS on Cc 140 280
ZnS on CC 280 400
ThF4 on ZnSe 300 >~oo

500

R: 100%
ThF4/i!nS on Si02 80

on Si . <20

1000

380
120

Lnscr irradiation: TEA C02, 60”ns (Flttlll) initial pulse
. plus 700 ns tail, 0.070 mm spot-size radius.

. .
For vanishing spot-size the threshold represents the intrinsic limit of a defect-free

coating. For larger spot-sizes, the tlcfect-limited threshold is measured and this, or
course, is the practical value which applies for usc in a laser systcm. When comparin~
damage thresholds measured by different investigators, it is important to verify that thn
spot-size radii arc either the same or conservatively large,
❑m.

e.g., greater than 0.2S

. Linear Absorption

It is appropriai,c for the coating manufacturer to minimize the magnitude of linear
absorption in a coating. Absorption dccrcascs tbc main function of the coating, to tran-
smit or reflect, and CCIUSCS thermal loading. If a large enough temperature excursicn
results, wavefront distortion or film delamination or rupture can result, Ilowcvcr, for
laser pulses shorter than 100 to 200 ns, it appears that linear absorption of a coating is
not of primary importance in determining its d-lmagc resistance.

In Table 4, the damage thresholds of several QW low-index and Ill\ high-index coatings can
be compared with their absorption coefficients, For the 60-ns pulse irradiation, the
thresholds are not inversely proportional to absorption as might bc expected, but the
opposite is app~nt. Further, as shoh’n in Table 5, the thresholds for 1.15 ns laser
pulses incident on identical AR coatings of l“hF4/ZnS on GE (four diffcrcrt substrates with
identical surface polish) arc not strongly correlated with substrate absorption. A likely
explanation is that either heating of tiny coating defects or electron avalanche is the
limiting process for short laser ,:;:::s” The high electric fields present in short pulses
can produce the approximately 10 free electrons required for the avalanche process
prior to significant linear absorption within the film or substrate.

Table 4. Short-Pulse Damage Thrcs~?jd Versus Film
Absorption at 10.6 pm

Coating/window
Coating Absorption Energy D~nsity
Index Cocfficmcnt

-i
(J/~m )

(cm

. SrF2/KCIt 1.36 2s 194

“ BaI’2/NaCt 1.38 Is 76

ThF4/KCE 1.3s 10-12

NaF/NaCL 1.23’ 6.0 38

“ As2S3/NaCE 2.37 1.2 38

Aa2Sc3/NaCk 2.72 1.1 12

Lnscr irradiation: Single-mode C02, 60 ns (FIYltM) pulse, 0,10 mm spot-
cizo r~dius.



Tablo 5. Sllort-I’ul~c I)amagc lhrr~hold Of A1l-Coiltcd GC Versus Subrtr:ltc Absorption ,(R)

.
Coating: s/ Thl:4/Zn S/iir

Germanium Absorption Encr~;c;~nsity
Substrntc Jnd:f

(cm

Single Crystal (undopcd) 0.00s 0.47
Single Crystal(6:l-doped) 0.6 0.47
Polycrystal (undupcd) o. 00s 0.48
Polycrystal (Ga-doped) 0.6 0.41

Laser irradiation: C02-P(20), 1.1S ns pulse (FWHM), 1.1 ‘ , spot-
sizc radius.

For Iong-pulse irradiation, coatinc ~amagc does appear to be directly proportional to
absorption. This is confirmed by the dn.ta in Table 6 for a variety of coatings subjcctcd
to a 200+ ns C02 laser pulse. Apparently, damnge by film heating prcccedcd the formation
of an electron-avalanche.

Table 6. Long-Pu~se Damage Threshold versus Film Absorption at 10.6 urn

Coating

ThF4

‘s2s3
ZnSc.

ThF4

ThF4

a. QW Films on KCI(9)

Absorption Damage Th~cshold
of coating_ J/cm

10 cm-l 80

<lcm
-1

120

< 0.6 cm
-1

140

b. QW ThF4 on Cu(lo)

8.6% total 1.0

2.7# 2.s

“c. AR coats on KCIZ(S)

‘s2s3’ThF4 0.80% 6-10

As2S3/ThF4 0.19% 31

Laser irradiation: TEA C02, 200 ns (FWIIM) primary pulse
with 3 us tail with multilongitudinal mode beating; spot-
sizc radius of a) 35 Urn, b) lmm and c) 200 pm

.
In summary, it is believed that in the absence of homogeneous film absorption or

localized absorption by defects in a coating the electron avalanche process would bc the
damage mechanism, When significant linear absorption occurs, however, deposition of
sufficient energy density over long PUISC periods to cause coating damage will occur
before tho onset of an avalanche.

Coatinp. Deposition Parameters

As coating manufacturers know, the combination of deposition parameters must bc opti-
mized to obtain films with minimum linear absorption. These parameters include suhstratc
cleaning, stnrting-material chcmicril stat.c and purity, evaporation method, substrate t~mP-
erature, rcsiduul gnscs in the vacuum chamber, and evaporation rate. As an example, a fcw
years ago researchers at Ilughcs Research Laboratories dctcrmincd the optimum coating
parameters for the widely-used low’-indcx material, Thl:4i The typical attuinablc absorpti~~n
coefficients h:ld rnngcd from 10 to 20 cm:’, ~ t Nilng and coworkers reported find~ng CO-

~~ditions that obt~inud a value near 1 cm 1,( Y ‘rhis was accomplished by minimi; ing thC
residual water in the vacuum chalnbcr. Long pumpdowns at 10-7 Torr and a substrate tcmp-
crnturc of 150°C were required. Additionally, the starting material was a crystal chun~

free of major impurities. This material was evaporated by a resistance-hcntcd tantolum
box source at iI dcposjtion rate of 630 nm/min.



Stand ill C-li:lvr l!lcctric I’iclds .

Standing-wove “electric fields :lrc the basis of tl)c ollcr;ltion of the opcr:ltion of thin
film coatings, and the distribution and m:lgnitudr of the maxima :Ind minim:l within a coating
bear is related to the normuli:cd l?lcctric ficl.d by

(1)

where = is the absorption coefficient and P is the incident power density, In the casr
of electron avalancbc, the growth of the nu~bcr density with time is given by

N(t) = No J(t CXf) [=(E)] dt, (2)

where = is the gain coefficient. Since both damage mechanisms are functions of the clctric
field, coating designs with reduced field maxima in weak or absorbing layers arc sdv;lnt:l-
gcous. Knowledge of the field distribution also enables onc to predict the relative thres-
hold of a coated surface..

An ~ ample is the recent experimcrtal evaluation of AR coatings on Ge by Ncwnam and
Gill.( y Their results, summarized in Table.7, indicated that the damage resi>;ancc of 14
coating designs using eight different film materials were effectively the same, 0.49 ~ 0.03
J/cms, and were lower than uncoated Ge. Furthermore, damage occurred only at the front
surface. The results were explained by considering the electric-fields in the Ge, contcd
and uncoated as shown in Figure 4. Although the exact field distributions within the
various coac.ng designs differed quantitatively, the gradual tlccrcase from 1.0 at the air-
film interface to 0,2S at the film-Ge intcrfacc h’as the same for all designs. The ratio
of the fields-squared in uncoated-to-coated Gc was therefore 0.64. Since the ratio of the
measured thresholds was 0.7 + 0.1, which is consistent with ths field ratio, it was con-
cluded that the damage occur~ed in the Ge at the Ge/film intcrfacc,

Table 7. Damage Thresholds of AR-Coated and Uncoated, P-Doped, Polycrystalline Gc
(8)

.

(Front Surface only)

Energy D~nsity
(J/cm )

AR-coated Ge 0.49 ~ 0.03
~ (average of 14 deigns)

Bare Ce 0.64 ~ 0.05
p-doped

Laser irradiation: C02 P[20), 1.12 ns pulse
(FIVIIN), 1.1 mm spot-size radius.

Consideration of the Slf field distributions in various AR coating designs for substrates
with wide bnndgaps, C.R. KC2, suggests a three-layer design. In this design, the low-index
film is deposited os the middle Iaycr where the field is at a minimum. This minimizes the
linear absorption in this layer which, for long pulsc~’idths
ally-induced damage than the high-index componcntf,. Bacr, ;ti:lm~~f ‘;:::::: !’:u:::’’crn’-.
coating of AS2S3/lhFb/As2Sj which had half the absorption of a two-l;yer AR coating using
these s:~mc matcrlals.

Pulscwidth Dc~ndcncc

The damage threshold of optical materials, Irl terms of Joules/cm2 increases with in-
crcosing laser pulscwidth for several reasons. With incrcnsing pulscwidths, nonlinear
absorption is rcduccd duc to Iowcr power densities, c.nd heat and electrons have more time
to diffuse away from the Irrndintcd surface. The cxpcrirncntillly confirmed rclutionship
for tho d:lmogc threshold of mctnls and m~tal films of sufficient thickness is

C- Kt%, (J/cm2), (3)

where K is a constnnt comprising the thermal properties nnd absorption of the mctnl. I’or
Cll, for ~f?~rlct the, lhcorctlcnl v~luc of K is 4.4 K 10 s J/cmz - Scc i for a wavelength of
10.6 pm. This t’i power dcpvrtdcncc has nlso been mc~surcd for AR-coated and unco~lt~d
GL surfaces at the C02 w:lvclvngtll for ptllscwldths from 1 to 70 ns as seen in I:igurc 5.
This simil:lr dcpcndcnuc to tll:lt of :1 lttCtill iS 13C1JCVCCI tO result from the laser-indllcl’d
gcncrntlon of free c.lc~trolls at caslly lonizcd dcfuct %ites at the tic surf:lce. l’ht~ t J

power dcllcndcncv has nlso bcvn measured for optical brcokdow’n in the hulk of NaCl for



~uls~wi~thS frOIIl 15 ps to 10 IIS ~S shown jII rlnurc 6.”(12-13-]4) Although the mcasurclilcll( s

Wore conducted with :1 1.06 urn l~scr, the ubscrvcd pulscdwidth dupcnduncc is UISO npl)l i“c:ll,lc
to the C07 l~sur ~tivclcnfith, since the damogc thresholds of :Ilkilli h’
given pulscwidth IIUVC been mc:l.urcd to bc equal from 0.7 to 10.6 um.

~~jjc c~YsL:lls f“,” ,,

The t% dcpcndcncc of the energy-density threshold is duc to the existing (in mctnls) ;Ind
Iascr-gcncratcd (in dielectrics) free-electron plasma which absorbs the rcrnnining puJsc
energy which is transferred to and damages the immediate solid. For absorption of pltlscd
●nergy at absorbing drfcct sites or in homogcncouslv ahsorbjng coatings, it is cxpcctcd

that the damage threshold would incrcasc more slowly than t’ duc mninly to thcrmnl diffu-

~,ng, C:nfl::tifu’ar’
sion. the thresholds for a multi laycr-cnhnnccd Mo reflector measured by

at long pulsclcngths show no cicpcndcncc on pulsewidth (SCC Table 8).

For even longer pulscwidths, e.g. 100 us, it is expected that the damage threshold
would increase slowly depending on the rate of thermal diffusion.

Table 8. Single - and Multiple-shot Damage Threshold of an Enhanced
.

Mo Reflector for Four Long CO;, Pulscforms
(6)

..

. Reflector: Mo/AR/(ThF4/ZnSe)4

Absorption; o. 30%
Spot-size radius = 70 pm

Damage Threshold [J/cm2)

0.6 ~S 1 )lS 4 lls .6 US

Mode locked Single- Mode-locked Single-
long.mode long.mode

Single-shot 15-75 -70 70-110 50-90
Threshold

Muitiplc-shot 20-290 110-460 110-200 70-290
Threshold

., Multiple-Shot Conditioning

Several investigators have rrported that sites in a sample which have been pre-irra-
diatcd by low laser intensities have higher damage thresholds than unconditioned sites. At
surfaces and coatings, it has been speculated that some sort of cleaning or outgassing of
contaminants occurs in the conditioning process. Such an incrcasc, by a factor of two or
moro, is seen in tho multiple-shot thresholds prcscntcd in Table 8, At a shorter pulse-
width of 1.2 ns, the author has observed a similar but smaller (20 to 50%) incrcasc in the
damage threshold of AR-coated and uncoated NaC1. }Iowcvcr,
or negative,

‘0 cwiy:~i: f::::: P&itiv’
was observed in multiple-shot tests on AR-coated Gc.

damage-prone surface was bencuth the coating at the substrate interface, Additional
rosoarch is needed to clarify this issue.

Optical Pcrformnnce

Ono question often asked by lnscr users is how far below the sin~lc-shot dama~c thres-
hold n component can bc irradiated tind sllrvivc for a spcclfi fo~llmher Of ShOtS without

significant dcRrad:ltion of its performance. Gill and Ncwnnm t h~vc performed such
performance cxpcrimcnts on AR-co:ltcd ZnSc and NaCl windows usinc 1.2 ns C02 lnscr pulses.
Since focusahlc energy on a target is of primnry importa,lcc to lilscr fusion systems, the
rolntivc amount of energy focus:lblo through a small aperture nftcr transmission t:irou~h the
test window WaS the qtlilntitY mcnslircd, Flgurcs 7 and 8 ilrc plots of th~ focu~nhilitY as a

function of shot number for s~vcrill irradlntion Icvuls ubovc and below thu single-shot
thresholds (SST) !.2 und 4.3 J/cm2, rcspcctlvcly, for the twG windows, For both wlnduws,
lrradlatioll lCVCIS of 50 to 60BJ SST produced no dcgrndation after 90 shots. At grcatur



i.rrndintion levels, the focusability was seen to dccl inc. The p,radun] dt’cl in~’ fur thu” ZnSC

window in contrast .to the abrul)l f;Ill off for tllc NuCR winl!ow i du~’ 10 ils finer-crdincd
polycrysta]linc structure. Finally, thC cffcctivc Iifctimc for 80”. focusnbi] ity as a
function of irradiutivn flucncc is prcscntcd in I:igurc g, Such information is very
important for the laser systcm designer.

Summnry

UC hove rcvicwcd eight factors which influcncc the damage resistance of coated optics
for pulsed C02 lasers. Other aspects such as film stress and conting-to- substrntc ndhcsion
havo not been considered here and need similar attention in a thorough review. I:rom the
cvidcncc prcscntcd, it is especially interesting how the relative importance of linc;lr

absorption and nvalanchc breakdown changes with pulsclcngth. The former is dominant for
pulscwidths longer than -zoo ns, the latter for shorter times. In each of these time
regimes, coating and substrate defects limit the attainable thresholds considerably below
the intrinsic limits. With systematic, conccrtcd effort, practical methods to dccrcase the
defect limitations are certain to bc dcvclopcd.
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